The ambitious high data rate applications in the envisioned future beyond 5G (B5G) wireless networks require new solutions, including the advent of more advanced architectures than the ones already used in 5G networks, and the coalition of different communications schemes and technologies to enable these applications requirements. Among the candidate communications schemes for future wireless networks are nonorthogonal multiple access (NOMA) schemes that allow serving more than one user in the same resource block by multiplexing users in other domains than frequency or time. In this way, NOMA schemes tend to offer several advantages over orthogonal multiple access (OMA) schemes such as improved user fairness and spectral efficiency, higher cell-edge throughput, massive connectivity support, and low transmission latency. With these merits, NOMA-enabled transmission schemes are being increasingly looked at as promising multiple access schemes for future wireless networks. When the power domain is used to multiplex the users, it is referred to as the power domain NOMA (PD-NOMA). In this paper, we survey the integration of PD-NOMA with the other enabling communication schemes and technologies that are expected to satisfy the requirements of B5G networks. In particular, this paper surveys the different rate optimization scenarios studied in the literature when PD-NOMA is combined with one or more of the candidate schemes and technologies for B5G networks including advanced antenna systems and configurations, higher frequency millimeter-wave (mmWave) and THz communications, advanced coordinated multi-point (CoMP) transmission and reception schemes, full-duplex cooperative communications, cognitive radio (CR), visible light communications (VLC), unmanned aerial vehicle (UAV) assisted communications and others. The considered system models, the optimization methods used to maximize the achievable rates, and the main lessons learnt on the optimization and the performance of these NOMA-enabled schemes and technologies are discussed in details along with the future research directions for these combined schemes. Moreover, the role of machine learning in optimizing these NOMA-enabled technologies is addressed.
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I. INTRODUCTION
F uture wireless networks such as beyond fifth-generation (B5G) or 6G cellular networks are expected to support extremely high data rates (up to 1 Tbps) and a very large number of nodes (up to 10 7 nodes per km 2 ) with a variety of applications and services [1] . However, multiple access schemes of the past generations of cellular networks will not scale to meet these unprecedented demands for user density and network traffic. The multiple access schemes used to date in cellular networks include frequency division multiple access (FDMA) in 1G systems, time division multiple access (TDMA) in 2G, code division multiple access (CDMA) in 3G and orthogonal frequency division multiple access (OFDMA) in 4G networks. The common theme in all these multiple access schemes is "orthogonality" where, theoretically, the different users are allocated distinct frequency channels or time slots or signature codes or resource blocks so that they do not interfere with one another when they access the network resources. However, this insistence on orthogonality poses a limit on the number of users that can access the network resources and thereby reduces the overall spectral efficiency (SE). Non-orthogonal multiple access (NOMA) schemes, on the other hand, allow multiple users to share the same resource (e.g., a time/frequency resource block) and separate the users in other domains with some additional receiver complexity [2] . When the power domain is used to separate the users, it is referred to as the power-domain NOMA (PD-NOMA) [3] scheme and is the focus of this survey paper. Alternatively, if the users are separated through non-orthogonal codes, it is referred to as code-domain NOMA (CD-NOMA) [4] , [5] . PD-NOMA has also been studied in conjunction with CD-NOMA recently [6] , where such combination is beyond the scope of this paper.
To support the large explosion of connected users forecast in the massive machine type communication (mMTC) paradigm of 5G and beyond networks, interest has been growing in academia, industry and even standardization bodies like 3GPP to adopt NOMA schemes [7] . NOMA and/or hybrid NOMA-OMA schemes tend to have the following attractive merits for 5G [5] , [8] and B5G networks:
• Improved spectral efficiency; as multiple users of the networks that adopt NOMA schemes can occupy the entire bandwidth which is not applicable in multi-user networks that utilize OMA schemes. Moreover, in OMA arXiv:1909.08011v2 [cs.IT] 21 Feb 2020 schemes, the resource block might be allocated to a user with a poor received signal strength leading to reduced spectral efficiency. • Improved user fairness; as NOMA schemes can accommodate multiple users in the same resource block with guaranteed minimum rate requirements. On the contrary, OMA users with poor channel conditions might not be served for a long time by a scheduler trying to optimize the overall spectral efficiency. • Low transmission latency; as the users in the networks that adopt OMA schemes need to wait for an available orthogonal resource block to grant access for transmission. In contrast, NOMA schemes offer more flexible user scheduling opportunities as well as grant-free transmission. • Higher cell-edge throughput; as NOMA schemes allow a base station (BS) to flexibly change the fraction of power allocated to a cell-edge user to support a certain quality of service (QoS), which accordingly enhances its transmission rate.
With its promising performance, NOMA is considered as a candidate multiple access scheme in various standardization activities. For long term evolution advanced (LTE-A) systems (3rd Generation Partnership Project (3GPP) release 13), NOMA was considered under the name of multi-user superposition transmission (MUST) [9] . Furthermore, in LTE-A Pro (3GPP release 14) , the standardization body recognized that at least uplink NOMA schemes should be considered especially for mMTC [10] . In 5G new radio (NR) phases (1 & 2) (3GPP release 15 and release 16) [11] , [12] , multiple studies on the advancements needed in the transmitter and receiver sides for adopting NOMA schemes have been proposed. In addition, some link-level and system-level performance evaluations that show the potential of adopting NOMA schemes have been conducted these studies.
Further, apart from NOMA schemes, several other PHY schemes, technologies, and network architecture paradigms are brewing in the literature to meet the aforementioned high data rate demands of future wireless networks. These include re-configurable antenna systems and large intelligent surfaces (LIS), millimeter-wave (mmWave) communications, advanced coordinated multi-point (CoMP) schemes, full-duplex cooperative communication, cognitive radio communication systems, visible light communication (VLC) systems, unmanned aerial vehicle (UAV) assisted communication systems, machine learning, and other enabling schemes and technologies for B5G networks. The realization of the target rates in these networks will require the integration of two or more of these enabling schemes and technologies. Hence, these schemes and technologies can be potentially integrated with PD-NOMA in one form or the other and is not simply the addition of two existing technologies as discussed in detail in [13] . In this paper, we survey the vast body of recent literature on the optimization of the achievable rates in such a combined setting of PD-NOMA with these enabling schemes and technologies.
In this paper, our contribution is to present a comprehensive up-to-date review on the integration of PD-NOMA 1 with advanced antenna architectures in the mmWave beyond 100 GHz and THz bands, COMP, cooperative communications, cognitive radio, VLC, UAV, and the other emerging communication schemes to maximize the achievable rates and hence the spectral efficiency in future wireless networks. The rate optimization problems in such NOMA-enabled schemes are typically non-convex and their level of complexity increases as the number of system parameters get large. Hence, in this survey, we present the adopted system models and specify optimization techniques utilized for each category in the above list of NOMA-enabled schemes and technologies. In each category, we highlight the main findings of every paper while offering insights into the common themes of the rate optimization methods in each category. Finally, we offer future research directions for each of these NOMA-integrated schemes and their possible combinations.
A. Related Work and Existing Surveys
The up-to-date list of surveys [3] - [5] , [13] - [31] and magazine articles [32] - [54] , [56] that have appeared on PD-NOMA scheme are shown in Table I(a). As the table captures, many of these survey papers go beyond the typical NOMA setting and discuss the integration with multiple antennas and other technologies. Of these, the paper in [13] is the most related in looking into the interplay between NOMA and other enabling technologies. However, we differentiate our survey from the work in [13] and others by focusing on the rate-optimization problems that arise from the integration of these technologies with PD-NOMA. As discussed before in this Section, the central theme of this survey surrounds the system models, design variables, constraints, etc. involved in solving the typically non-convex and possibly combinatorial rate optimization problems that arise from the integration of the system parameters of both NOMA and the other enabling technologies. In this way, we distinguish our work from [13] which is merely a general discussion of how would NOMA enables some of these technologies. Some other surveys identified in Table I (a) discuss rate-optimal NOMA schemes in certain settings or with some enabling technologies. However, to the best of the authors' knowledge, no survey yet exists that is dedicated to the investigation of the rate optimization of PD-NOMA with the main PHY-layer enabling schemes and technologies for high data rate future wireless communication networks.
It is also worth highlighting that achievable rate optimization problems form the vast majority of existing work in these NOMA-integrated enabling B5G schemes studied in the literature. Hence, we limit the scope of the survey to the rate optimization problems to ensure a good focus for the discussion, but it still captures a vast majority of the work in this area. As a result, papers that investigated other performance analysis metrics such as symbol error rate (SER), bit error rate (BER), and outage probability in such PD-NOMA are beyond the scope of this survey. The interested reader may TABLE I(a): A comprehensive summary of the integration of rate-optimal PD-NOMA scheme with future enabling communication systems in existing survey papers and magazine articles (advanced multi-antenna architectures, include 3-D MIMO, cell-free massive MIMO, ultra massive-MIMO, and large intelligent surfaces). Notions: G scattered discussion (i.e., rate-optimal NOMA scheme works mentioned among other optimization metrics, for example, power minimization and EE as well as with performance analysis metrics, for example, BER, SER, and outage probability were discussed in a scattered fashion within the survey paper). partial discussion (i.e., there was at least one dedicated subsection/table for rate-optimal NOMA scheme within the survey paper). detailed discussion.
[#]
Year [14] 2016
Survey Papers TABLE I(b): A finer look into the survey papers and magazine articles that partially considered rate-optimal PD-NOMA-enabled schemes.
Year Type Similarities [17] 2017
Survey Papers
For MISO-MIMO NOMA/cooperative NOMA: the authors listed in Table 4 /5 [17] seven/five rate-optimal NOMA works and discussed their main technical contributions in text. In addition, scattered discussion of rate-optimal NOMA scheme for CoMP, cognitive radio, mmWave, and VLC were provided in text. [4] 2018 For MISO-MIMO NOMA/cooperative NOMA: the authors listed in Table II /III [4] six/three rate-optimal NOMA works and discussed their main technical contributions in text. [20] 2018 For cooperative NOMA: the authors listed in Table 3 [20] six rate-optimal NOMA works and discussed their main technical contributions in text. [25] 2019 For VLC-NOMA: the authors listed in Table IV [25] four rate-optimal NOMA works and discussed their main technical contributions in text. [45] 2018 Magazine Article
For VLC-NOMA: the authors dedicated one subsection for rate-optimal VLC-NOMA system entitled "Performance of Optical-NOMA" were they discussed two rate-optimal NOMA works.
refer, for example, to the work published in [57] - [60] and references therein to explore the performance of PD-NOMA scheme for the aforementioned metrics. In addition, works that investigated the power minimization, for example, [61] - [64] , the maximization of secrecy rate, for example, [65] - [68] , the maximization of energy efficiency (EE), for exam-ple, [69] - [72] , minimizing transmission delay or latency, for example, [73] - [76] , and multi-objective optimization problems that involve the achievable rates and other performance metrics such as joint optimization of the spectral efficiency and energy efficiency and its trade-offs, for example, [77] - [80] in PD-NOMA are also beyond the scope of this survey paper. So, the main contributions of this survey paper are:
• A thorough up-to-date survey of the integration of PD-NOMA with each of the candidate enabling technologies of future B5G networks where the adopted system models, the utilized optimization techniques, and the main results are fully investigated. The existing related surveys, at best, have partially discussed the rate optimal integration of some of these enabling technologies with PD-NOMA as explained before as detailed in Table I(a) and Table I (b). • The integration of rate-optimal PD-NOMA with com-binations of two or more of these technologies and/or schemes is also investigated in a similar manner. Up to the authors' knowledge, this has not been carried out in open literature before.
• Both of the lessons learnt obtained from the up-to-date literature and the directions for future research on such integration of PD-NOMA with one or more of these technologies and/or schemes are presented along with highlights of the associated merits and/or trade-offs. • An elaborate investigation of the role of machine learning in these NOMA-enabled schemes is presented and the possible directions for future work on ML-assisted NOMA-enabled schemes are stated.
B. Paper Organization
In Section II, we first provide a brief description of PD-NOMA itself, followed by a description of the main enabling communication schemes and technologies for future wireless networks that are discussed in this paper. Section III surveys the integration of PD-NOMA with these enabling schemes, namely, mMIMO and 3-D MIMO, mmWave and THz, CoMP, full-duplex cooperative communication, cognitive radio, VLC, UAV communications, backscatter communication (BackCom), integrated terrestrial-satellite networks, mobile edge computing (MEC) and edge caching, intelligent reflecting surfaces (IRS), and underwater communications. In Section IV, we provide a list of possible directions for future research for each of the aforementioned technologies and their combinations. The structure of this article is shown in Fig. 1 at a glance. Also, the list of abbreviations used in this survey paper is presented in Table II .
II. BACKGROUND
In this section, a brief introduction to PD-NOMA as well as to some of the main PHY-layer enabling schemes and technologies for future communication networks is presented. The objective of this section is to familiarize the reader with the fundamentals of each of these communications technologies or schemes. Hence, relevant references are provided in each subsection where further details about each technology or scheme can be found. A graphical representation of the main PHYlayer enabling schemes and technologies of future wireless networks is depicted in Fig. 2 .
A. Power Domain NOMA
Power-domain NOMA concept was first introduced in [81] to improve the spectral efficiency of wireless networks by allowing multiple users to simultaneously share both the time and frequency resources. The theoretical roots of PD-NOMA scheme lie in multi-user information theory. These include scalar and vector multiple access and broadcast channels along with the superposition coding, successive interference cancellation (SIC), joint decoding, iterative waterfilling, dirty paper coding, and other related transmission and reception schemes [17] . However, NOMA schemes add additional "comm-theoretic" constraints on the users' target rates, in addition to the typical transmit power constraint in the info-theoretic models, to guarantee the fairness among the served users.
A basic two-user downlink NOMA scheme is shown in Fig. 3 . User 1 (strong user) is close to the BS with strong channel gain and User 2 (weak user) is farther away from the BS with weaker channel gain. At the transmitter, both signals for the weak and the strong users are superimposed upon each other with different power allocation. The transmitter tends to allocate more power to the weak user as it has a larger path loss, as compared to the strong user (note that the size of the rectangles for User 1 and User 2 are different indicating the different powers allocated for each user). At the strong user receiver, the signal of the weak user has high signal-to-noise ratio (SNR) which implies that the strong user can successfully decode and subtract the weak user signal before decoding its own signal (i.e., performing SIC). On the other hand, at the weak user receiver, the strong user signal is considered as noise as its transmission power is lower than the weak user signal. Subsequently, the weak user can decode its signal directly without SIC [83] . In a basic two-user uplink (UL) NOMA scheme, both users transmit their signals to the BS simultaneously (i.e., in the same time slot and frequency channel). For practical reasons [59] , both users need to have some sort of cooperation to transmit both signals under a total transmit power constraint. The power share of both users is distributed based on their channel conditions with respect to the BS. After the transmission process, the BS receives a superimposed signal that contains both users' signals. Subsequently, the BS performs SIC with a decoding order from the strongest user to the weakest user to decode both individual users' signals. Noting that SIC capability is already incorporated in earlier wireless standard such as network-assisted interference cancellation and suppression (NAICS) in LTE (3GPP release 12) [84] .
The grouping or clustering of the users to be served in the same resource block is essential in PD-NOMA and is typically carried out as two users per cluster (also known as user pairing) or multiple users per cluster. The selection in basic NOMA scheme, with single-antenna BS/access point (AP) and single-antenna users, is usually based on the instantaneous scalar channel gains and the users are ranked accordingly to allow proper SIC decoding which tends to improve as the channel gain disparity increases unless the channel gain of the weaker user is very small which may render NOMA inefficient. In general, the optimal user clustering requires an exhaustive search and may not be affordable for practical systems and networks with a large number of users [85] . For this reason, researchers resort to low complexity solutions to solve the user clustering problem through heuristic algorithms which may lead to unpredictable results.
Alternatively, the other approaches for handling the NOMA clustering problem are [17] :
• The monotonic optimization approach as in [86] ; the monotonic nature of the objective function and constraints allows researchers to limit the exhaustive search to a much smaller region of the feasible set; this accordingly simplifies the problem and can lead to the optimal solution but still with relatively high complexity. • The combinatorial relaxation approach; the selection and association of a particular user to a particular cluster is realized by a binary variable; by relaxing this variable to a continuous one, the original non-convex problem can be transformed to a convex one and solved optimally through classic Lagrangian dual method [87] , but this relaxation results in a performance gap between the original problem and the relaxed one. • The matching theory approach; which is often utilized to deal with problems that have beneficial relationship parties, such as the many-to-one bipartite matching problem [88] , the many-to-one two-sided matching problem [89] , and the many-to-many two-sided matching problem [90] , [91] . • The game theory approaches; which transform the clustering problem to a game, such as the coalition game and improved coalition game proposed in [92] - [94] and in [95] , respectively, and the Stackelberg game proposed in [96] . Early work on PD-NOMA started with basic single-cell scenarios, and then evolved to multi-cell and multi-carrier scenarios. Recently, PD-NOMA have been integrated with more practical and sophisticated system models alongside other promising communication schemes and technologies to meet the target performance of future wireless networks.
B. Conventional MIMO, mMIMO, and mmWave Communications (for Sub 100 GHz Bands)
Through the use of multiple antennas at the transmitter and receiver for beamforming or spatial multiplexing gains [97] , basic MIMO technology has helped significantly drive up data rates and been an integral part of cellular systems right from 4G. In a multi-user environment, the multiple antennas can be used to separate the users in the space domain, creating the so-called spatial division multiple access [97] . Such a fine separation in space is generally achieved through the use of large-scale antenna arrays at the BS, where the number of transmit antennas far exceeds the number of users in the system, and referred to as a massive-MIMO (mMIMO) system. In such mMIMO systems, when the number of transmit antennas approach infinity, it creates the favorable propagation conditions whereby a unique beam can be formed for each user and perfect separation in the space domain is possible [98] .
MIMO, and particularly massive-MIMO is also a key enabler in 5G for communication in the frequency bands of 30-100 GHz, in the mmWave communications bands [99] . In contrast to the sub-6 GHz frequency range, a large amount of bandwidth is available in these frequency bands. Hence, they are seen as a key enabler of high data rates in 5G and beyond cellular networks. However, unlike in the sub-6 GHz spectrum, the propagation of electromagnetic waves in the mmWave bands exhibits high path loss and is highly directional in nature [89] . As a result, the beam gain offered by large-scale antenna arrays, i.e., mMIMO systems, is seen as a requirement to enable successful deployment of networks in these mmWave-frequency bands [100] . Additionally, the short wavelengths of the electromagnetic waves in the mmWave frequency band make it practical to deploy large antenna arrays in a compact area, as required by a massive-MIMO system [101] .
C. Advanced Multi-antenna Architectures, mmWave (Beyond 100 GHz) and THz Communications
The high spectral efficiency demands in B5G networks (100 b/s/Hz or more) require advanced multi-antenna configurations beyond the conventional MIMO and m-MIMO in 4G and 5G networks, respectively. In 5G NR systems, 3-D separation of users is possible in both the azimuth and vertical direction, sometimes called 3-D MIMO [102] . In [103] , many future directions for mMIMO systems are outlined for B5G networks, including extremely large aperture arrays, 3-D MIMO, holographic mMIMO, 6-D positioning, large-scale MIMO radar and smart mMIMO integrated with artificial intelligence. Further, with B5G required to support different use-cases, large scale antenna arrays can be used for other engineering challenges such as providing cost and energy-efficient solutions. One such low-cost solution that is an extension of the current mMIMO, is the concept of cell-free mMIMO (CF-mMIMO) [104] . With CF-mMIMO, a subset of UEs are served by a wide geographic distribution of a large number of individually controllable antenna elements. The key idea with CF-mMIMO is to use all the antennas available in the network to serve a subset of UEs, without the typical constraints of having a defined cell coverage area. This allows the served UEs to access a much larger pool of antennas, moving closer to theoretical mMIMO of having infinite antennas at the BS. On the other end of the cost spectrum, another emerging extension of mMIMO is the large intelligent surfaces (LIS) [105] . An LIS is like a large contiguous surface of antennas, capable of generating power to send the desired electromagnetic signals. It can be thought of as another way of realizing theoretical mMIMO with infinite antennas, but unlike CF-mMIMO, LIS is not constrained to support a smaller number of UEs. On the contrary, LIS can support an even larger number of connected devices, ideal for the massive connectivity requirements for B5G networks in indoor scenarios.
Aside from using large scale antenna arrays in the different ways outlined above, B5G networks will also employ them to solve the propagation challenges at higher frequency bands where very large bandwidths are available, such as mmWave for 100-300 GHz and THz bands [106] . The sheer amount of bandwidth available in this region of the frequency spectrum makes it very appealing to meet the large data requirements of 100 Gbps and more for B5G networks, but it comes at the cost of very high propagation loss. The study by Rappaport et al. in [107] highlights several promising applications for communications above 100 GHz in 6G networks, including wireless fiber for back-haul and information showers where a blast of data is sent to the user in a short amount of time as the user passes through an area of coverage at these high frequencies.
The same study in [107] also highlights the additional challenges for wave propagation at these frequencies, particularly that the free-space path loss and penetration loss increases significantly as we go to higher frequencies, leading to shorter coverage areas. However, at these frequency bands, the wavelength and consequently the size of the antennas are very small, allowing for the use of highly directional antennas for ultra-precise beamforming, multi-reflector antennas, lens-integrated antenna arrays and other such innovative solutions [106] .
D. Coordinated Multi-Point (CoMP) Schemes
The practical considerations in interference-limited heterogeneous multi-cellular environments as well as the promising info-theoretic benchmarks, where a network with fully cooperating cells reduces to a simple broadcast channel, have led to the introduction of network cooperation schemes known as network MIMO or CoMP schemes. This is to allow the base stations or the access points to cooperate in order to mitigate or reduce the inter-cell interference (ICI) and to enhance the received signal quality [108] , [109] . The degree of cooperation may vary depending on the availability of users' data and/or the channel state information (CSI) as itemized below:
• Both the users' data and CSI are available at all the transmission and reception points (TRPs). This availability enables full joint coordination or processing. Here, the cooperating BSs or APs (also known as transmission points (TPs) or TRPs or CoMP-cells) jointly transmit to the served users (typically the cell-edge users) or TP selection where only one or a subset of the cooperating TPs, usually the TP with the highest received signal-tonoise and interference ratio (SINR), sends to the desired user(s). • Only the CSI is available at all the TRPs. This relaxed and less-demanding requirement of having only the CSI at the cooperating TPs allows reducing ICI through coordinated scheduling of the users and joint beamforming. As can be seen, the TP selection and coordinated beamforming schemes are less complex. This is primarily because of its less overhead requirement, less stringent requirement on back-haul performance, and less synchronization requirements, as compared to the full joint coordination scheme. Moreover, different requirements or priorities by the operators would lead to different CoMP implementations such as cell-centric, usercentric and hybrid clustering algorithms [109] .
Early deployment of CoMP was in 3GPP LTE-A standard where all the CoMP variants above were investigated and evaluated [110] . In B5G networks, the ultra-dense deployment of small cells or small BSs in heterogeneous cellular networks would result in more of both co-tier and cross-tier inter-cell interference and hand-off requests which necessitates the use of advanced AP/BS CoMP schemes to efficiently combat the inter-cell interference and/or to enable "cell-less" networks to improve network performance especially for cell-edge users.
E. Cooperative Communications
Cooperative communication systems allow some communication terminals in the network to interact with each other for the sake of improving reliability, enhancing spectrum efficiency as well as power efficiency, and improving network connectivity by taking advantage of the broadcast nature of the wireless links [111] . B5G networks are expected to comprise of billions of heterogeneous nodes, each with different processing capabilities, transmit power, etc. As a result, a network where the nodes co-operate with each other for common goals offer the potential for great enhancements in overall spectral efficiency. In what follows, we discuss different realizations for cooperative communication schemes.
There are three possible ways to realize the cooperation among the nodes in the network; (i) by allowing the communication terminals to hear-and-forward messages to other terminals, (ii) by using a dedicated relaying node to help in information and/or energy transfer between the source(s) and their corresponding destination(s), and (iii) by allowing some user pair(s)/group(s) to interchange signals without traversing the BS or the core network. The first type of cooperation is often referred to as user-assisted communication, the second one is often referred to as relay-assisted communication, and the third type is often referred to as device-to-device (D2D) communication [112] , [113] .
D2D communication systems can be considered as an enabler for vehicle-to-everything (V2X) applications. In 3GPP Release 14, an initial cellular V2X standard has been completed as a part of expanding LTE platform to new services [114] . Later in 3GPP Release 15, in V2X phase 2, some service requirements to enhance the support for V2X scenarios have been identified [115] . In 3GPP Release 16, in NR-V2X, further architecture enhancements to the 5G system have been specified in order to facilitate vehicular communications for V2X services [116] . In 3GPP Release 17, some enhancements to the application architecture to support V2X services have been specified [117] . In V2X applications, vehicles have the ability to exchange data with each other and with the infrastructure/network units. The former is often referred to as vehicle-to-vehicle (V2V) communication and the later is often referred to as vehicle-to-infrastructure (V2I) communication.
In addition to the above, there are two types of relaying strategies, namely, half-duplex and full-duplex. In the halfduplex strategy, the communication between the source and the destination takes place in two phases, where in the first phase, the BSs or APs broadcast the signals to the nearby receivers (i.e., users/relays). Consequently, in the second stage, the nearby receivers forward the messages of far receivers. On the other hand, in the full-duplex relaying strategy, the relays/users simultaneously receive and forward the signals to their intended destinations. Although the full-duplex strategy introduces some self-interference (SI) caused by the signal leakage from the transceiver output to the input [118] , which degrades the performance of the full-duplex system, still fullduplex technology has the capability of utilizing the total bandwidth of the system as it hears-and-forwards the signals on the same frequency. Recent advancements in SI cancellation techniques and the move towards short-range networks such as small-cell cellular networks, which have lower path loss than the traditional cellular networks, have reduced the severity of SI and paved the way for full-duplex strategy to be an enabling technique for future wireless networks [119] .
Moreover, there are three main relaying protocols: (i) decode-and-forward (DF) relaying, (ii) amplify-and-forward (AF) relaying, and (iii) compress-and-forward (CF) relaying. In DF relaying protocol, the received signal is completely decoded and then re-encoded and sent to the intended receiver(s). In AF relaying protocol, the received signal with its embedded noise is amplified and forwarded to the designated receiver. While in CF relaying protocol, the relay quantizes/compresses the overheard signal and then sends the resultant signal to the designated receiver [20] .
F. Cognitive Radio Communication
Most of the radio spectrum has been allocated to certain wireless applications because of its increasing demand, and the need for more bandwidth for new applications. The Federal Communications Commission (FCC) reported that the utilization of this allocated spectrum varies from 15% to 85% with high variance in time and space [120] . To address the low spectrum utilization at different times and locations, cognitive radio (CR) idea appeared as a proposed solution [121] . The main idea of CR is to enhance the utilization of the preallocated spectrum by allowing the non-licensed users, called secondary users (SUs), to either coexist with primary users (PUs) or exploit the white spaces of the spectrum in the absence of PUs [122] . With B5G networks expected to support a wide variety of users and use-cases whose demand will fluctuate rapidly in time and space, dynamic spectrum access solutions like CR will play a key role to meet the consequent demands on spectral efficiency. Applications of CR in B5G networks include the opportunistic use of unlicensed spectrum as well as the use of licensed spectrum for the vast number of heterogeneous users the network needs to support through a priority-based PU-SU system. CR schemes can be classified into three paradigms, namely, underlay, overlay, and interweave [123] . In the underlay CR paradigm, the SUs are allowed to access the PUs networks as long as the interference power constraint of the PU is not violated [124] . While in the overlay CR paradigm, the PUs and SUs are capable of transmitting signals simultaneously. In this paradigm, the PUs' SNR will be affected by an interference caused by the SUs' transmission, in order to compensate for that decrease in the PUs' SNR, the SUs is forced to split their transmission power between secondary transmission and the remaining power is used to relay (assist) primary transmissions [125] . Furthermore, in the interweave CR paradigm, the SUs are allowed to utilize the channel(s) only if not occupied by the PUs. Note that, the interweave CR paradigm does not authorize any concurrent transmission between SUs and PUs, hence it is known to be an interferencelimited spectrum sharing mode [126] .
G. Visible Light Communications (VLC)
Visible light communications (VLC) has recently emerged as a potential technology for complementing and/or offloading radio frequency (RF) communication systems for various indoor user-dense scenarios such as homes, office rooms, conference and exhibition halls, airplanes and train cabins as well as some outdoor and V2X applications in 5G and 6G networks. VLC is based on the principle of modulating light emitted by diodes (LEDs), without any adverse effects on the human eye and the required illumination levels, which gives an opportunity to exploit the existing illumination infrastructure for wireless communication purposes. VLC technology is expected to play an important role in enabling very high data rate short-range communications as well as V2V and in general V2X applications in B5G networks.
A generic model for a multi-user VLC system is shown in Fig. 2 where a set of transmit N t LEDs communicate with a set of users. This is a typical indoor downlink scenario where the LEDs on the ceiling transmit the downlink data to the VLC receivers that are typically equipped with photodetectors [127] . The field of view (FoV) of the LEDs and the photo-diodes are designed to satisfy both the illumination and communication requirements. Each shaded area represents the interference or overlap region imposed by the signals carrying different information and arriving from the neighboring LEDs. While there is negligible signal fading experienced in VLC channels, the SINR significantly drops at the boundary of interference region and by obstruction of the line-of-sight (LoS) path due to user mobility especially for outdoor applications.
H. Unmanned Aerial Vehicle (UAV) Assisted Communication
UAV-assisted communication networks is an emerging paradigm in the B5G wireless networks to support high transmission rates, to provide ubiquitous connectivity to a diverse set of end-users, and to facilitate wireless broadcast [24] , [128] , [129] . UAV can play several roles in this paradigm, e.g., act as a flying BS, a relay in flying ad-hoc networks or even as user equipment (UE) [130] . The UAVs can be deployed as a high altitude platform (HAP) for long-term use or as a low altitude platform (LAP) for fast and flexible deployment when used as a BS [130] , [131] .
We now focus on the use-case where the UAV acts as a LAP BS to serve users in an ad-hoc manner. This is illustrated in Fig. 2 , where the UAV complements the ground BS and serves some users in conjunction with the ground BS. The main idea in this type of deployment is to bring the supply of wireless networks to where the demand is in both space and time, acting as a complement to the terrestrial communication network [132] . As illustrated in Fig. 2 , like in any multi-cell network, the UAV will cause interference to the users served by the ground BS and vice-versa. However, the problem can be addressed with additional degrees of freedom that a flying BS allows which does not exist in traditional terrestrial BSs. These include designing the height and placement of the UAV BS and the high probability of LoS links between the UAV and the served users [24] .
I. Other Enabling Technologies

1) Backscatter Communication (BackCom):
BackCom enables low-power transmission of information by backscatter devices (BD) through the modulation of information over incident RF carriers, without the BDs having to generate any power by themselves. An illustration is shown as part of Fig. 2 , where the RF source is the power-consuming device that generates carrier RF waves. The low-cost BDs simply modulate their information over these incident carriers, which is decoded by the backscatter receiver (BR). Hence, it is a technology that primarily targets the internet of things (IoT) deployment, a key use-case in B5G networks, where the BD could be low-cost sensors.
2) Integrated Terrestrial-Satellite Networks: In this framework, satellites are used in conjunction with the typical terrestrial ground BS-based network to provide enhanced coverage and rates to the network users. Satellite communication is viewed as one of the key enablers to achieve the goal of truly ubiquitous coverage in B5G networks [133] . The satellite and terrestrial networks can co-operate with each other similar to a CoMP multi-cell setting [134] . Alternatively, the terrestrial BS can act as an AF relay to signals transmitted by the satellite network [135] . Also, similar to the case of UAVenabled systems, satellites could also be users in the system, e.g., satellites dynamically access the spectrum through a CR approach [136] .
3) Mobile Edge Computing (MEC) and Edge Caching: Mobile edge computing can offer remote computation for low computing-capability IoT devices that may need intensive computing-capability in some applications like interactive gaming and virtual reality. In MEC network, the BS usually equipped with a MEC server. The MEC server can receive and execute some offloaded tasks from the IoT devices. Later, the results are sent to the IoT devices after execution. There are two offloading scenarios in the MEC network, namely, partial and binary offloading. In the former scenario, a task can be divided into two parts: local computing part and offloading part. While on the latter scenario, a task can be either locally computed by the IoT device or remotely accomplished by the MEC server, i.e., cannot be divided [137] .
Local content servers can be placed alongside the MEC servers to enables edge caching. In edge caching, some of the most popular content files are pre-stored in local content servers at the BS that is in close physical proximity to the UEs. The UEs within the coverage of that BS can have fast access to these files without burdening the back-haul links of the network. Edge caching has mainly two phases, namely, content pushing and content delivery. In the content pushing phase, the BS fetch the most popular content files from the backhaul and push these files to the local content servers. While in the content delivery phase, the network users access these pre-stored files directly. Subsequently, edge caching provides a capacity enhancement for 5G networks [138] .
4) Intelligent Reflecting Surfaces (IRS):
Another emerging technology to provide low-cost massive connectivity solutions in B5G networks, particularly in indoor environments, is the intelligent reflecting surfaces illustrated as part of Fig. 2 . IRS solutions typically consist of a planar array of passive phase shifters that can collaborate to steer the propagation path of the transmitted signals in the wanted direction [139] . In this way, the IRS acts a smart reflecting surface to help steer the transmitted signal towards the user. Since the IRS only reflects signals and does not require antennas that generate any power for transmission, it is a low-cost solution to enhance spectral efficiency and support massive connectivity. For this reason that the IRS devices are merely passive reflectors, they are different from the active LIS solution discussed as part of the emerging multi-antenna architectures. While the LIS can be viewed as an extension to massive-MIMO as it involves a surface full of active transmitting antennas [105] , the IRS is a different technology that does not use antennas at the surface, and hence we do not consider IRS as part of the emerging multi-antenna architectures. IRS also has similarities with backscatter communication, but unlike backscatter devices which are the sources of information, IRS devices are merely helpers that reflect the transmitted wave in the intended direction.
5) Underwater Communication: Underwater wireless communications play an important role in oil and gas exploration, water-pollution monitoring, and marine-life observation through the use of IoT like sensors. With B5G networks expected to provide ubiquitous coverage to support such sensors, underwater wireless communication can be regarded as en emerging technology for B5G networks. At present, the three common transmission technologies for underwater wireless communications are acoustic, RF, and wireless optical communication. Each of the aforementioned transmission technologies has its own characteristics, challenges, and adopted set of applications [140] . Generally, underwater acoustic transmission prevails the underwater long-range wireless communications, optical wireless communication can achieve a high data rate with low transmission latency over moderate distances, and RF communication is suitable for small distance propagation and immune to harsh conditions and noises, particularly, in shallow water [140] .
J. Machine Learning
Another developing trend for next-generation wireless networks, such as B5G cellular networks, is the advent of a datadriven approach using machine learning (ML) to complement or even replace the traditional model-driven approach [141] , [142] used in communication systems. Relevant to the discussion in this paper, applying ML algorithms to resource optimization problems has certain advantages over traditional optimization techniques. Primarily, optimization approaches suffer from high cost and complexity when the number of parameters to be configured becomes large. Optimization algorithms are often sensitive to the parameter selection and heuristics have to be re-run from scratch every time there is a small change in the system model, e.g., arrival of new users. In other words, the entire algorithm has to be run every time there is a small change in any system parameter. All these limitations of the traditional optimization tools have motivated researchers to explore the use of ML techniques for resource optimization in communication systems [143] . Additionally, when multi-objective optimization problems are framed, the goal is to find Pareto-optimal solutions, i.e., a solution space where the improvement of one metric necessarily degrades some other metric. Due to the large search space involved, ML is an attractive solution for finding such Pareto-optimal solutions [143] .
ML algorithms can be broadly classified into three main categories -supervised, unsupervised and reinforcement learning. Supervised learning algorithms use labeled training data for tasks like regression and classification. Unsupervised ML algorithms do not use training data and can be used for tasks like clustering and dimensionality reduction. Reinforcement learning algorithms refers to the set of ML algorithms that have an agent that learns an optimal set of actions by interacting with the environment. Recently, a more powerful form of learning algorithms called deep learning (DL) has emerged. DL algorithms aim to mimic the neurons in the brain, by forming artificial neural networks that comprise multiple hidden layers between the input and output. Unlike classic supervised ML algorithms, DL is more powerful as it can first extract a set of features from the data and then use that for classification or prediction. Such neural networks can also be used as an agent in a RL system, forming a Deep Reinforcement Learning algorithm (DRL). DRL algorithms can be used to solve complex non-convex network optimization problems, particularly in modern communication systems where ad-hoc, autonomous decisions need to be taken [144] .
III. PD-NOMA SCHEME WITH ENABLING TECHNOLOGIES/SCHEMES FOR FUTURE WIRELESS NETWORKS: CURRENT STATUS
In this part of the paper, a survey on the integration of PD-NOMA with mMIMO, mmWave and THz, CoMP, cooperative, cognitive radio, VLC, UAV communications, and others is conducted through the up-to-date lists provided in Table IV to  Table X , of the representative work for each of the aforementioned schemes and technologies. Besides, an illustration of the commonly utilized system models in NOMA-enabled schemes and technologies of future wireless networks is depicted in Fig. 5 .
A. Rate-optimal NOMA Schemes with Conventional MIMO, mMIMO, and mmWave Communications (for Sub 100 GHz Bands)
In this section, we first present the representative work for conventional multi-antenna NOMA systems, sometimes referred to as MIMO-NOMA systems in Table III as it forms the base for rate optimization works for all other multi-antenna NOMA-enabled technologies. Afterward, we present the more advanced mMIMO-NOMA schemes, with a particular focus on their application to higher frequencies, i.e., mmWave-NOMA systems. The integration of NOMA with the advanced antenna configurations such as 3-D MIMO, IRS, cell-free mMIMO, and ultra mMIMO in the high-frequency bands of mmWave and THz bands is still in its infancy with only few reported works, so that is covered in the future research section.
1) Rate-optimal NOMA schemes with Conventional MIMO Communication: The representative work on MISO and MIMO integrated NOMA systems are presented in Table III for both the single-cell and multi-cell scenarios. Compared to the basic single-input-single-output NOMA (SISO-NOMA) system described in Section II-A, the use of multiple antennas at either the transmitter, receiver, or both means that the channel is now described by a vector or a matrix. Hence, unlike in a SISO-NOMA system, the ordering of users according to their channel conditions is no longer trivial. Hence, the MIMO-NOMA system is usually broken down into a SISO-NOMA form that is easier to work with [16] . This is typically achieved by using the multiple antennas at the transmitter for beamforming, such that users can be grouped into beams, often referred to as clusters. Within each cluster, the problem breaks down into a typical SISO-NOMA setting and the traditional PD-NOMA scheme as described in Section II-A can be used. This approach is classified as NOMA-BF in [36] and cluster-based MIMO-NOMA in [17] . Alternatively, the multiple antennas at the base station can also be used to form one beam per user like in MU-MIMO, and then the beamforming weights are designed to create enough difference between the users' channel conditions such that the NOMA principles can be applied [145] .
With the clustering-based approach, the two users should have sufficient difference in the magnitude of the channel gain coefficients for PD-NOMA scheme to work well [3] . Thus, user selection (US) is a key parameter in such schemes. The objective here is to pair users who have sufficiently different channel conditions and also fit within a cluster, i.e., a beam. This design variable (or parameter) is often optimized in such schemes along with the power allocation (PA) coefficients assigned to each user in the cluster, e.g., [38] , [146] . However, with randomly located users, good user pairing algorithms are not guaranteed to find the ideal user clustering even with an exhaustive search of all possible solutions [147] because acceptable solutions may not exist. Hence, user-specific beamforming weights are also considered as a parameter in these sum-rate optimization problems [147] - [151] . The addition of the optimization of the per-user BF weights to the clusteringbased MIMO-NOMA rate optimization problem allows the schemes to either create more channel gain difference among the users in a cluster, or to better separate the different clusters from each other. With the one-beam-per-user model, the user ordering is predefined and the optimization schemes design a set of precoder weights to meet the given user ordering [145] , [152] . The sum rate of the users is maximized through a minorization maximization algorithm (MMA) for the non-convex problem proposed by Hanif et al. [145] ; while in the technique suggested by Zhu et al. [152] it is shown that forming a weighted sum-rate maximization problem instead has hidden convexity that can be solved using the KKT optimality conditions. While this one-beam-per-user approach generally requires full channel state information at the transmitter (CSIT) for the required beamforming design, the study in [153] framed an optimization problem to maximize the worst-case achievable rate in order to offer robustness to channel uncertainties.
The availability of CSIT also affects the formulation of the MIMO-NOMA rate optimization problems considered in the literature. If the full CSIT is available, the design objective is to maximize one of the overall sum-rate [145] , [146] , [151] , weighted sum-rate [154] , [155] , or, the worst userrate [148] , [156] . On the other hand, if only statistical CSIT is available, then the design objective is to maximize the ergodic sum-rate [157] , [158] rather than the actual sum-rate. While obtaining full CSIT helps maximize the system throughput, it comes with additional cost and overhead, especially in frequency division duplex (FDD) systems where reciprocity cannot be used. This motivates the need for system design assuming only limited feedback or partial CSIT [159] . In the work by Yang et al. [160] , the number of feedback bits for CSIT is optimized and it is demonstrated that the system throughput (i.e., sum rate) can be increased as the number of feedback bits for CSIT is increased.
2) Rate-optimal NOMA Schemes with mMIMO, and mmWave Communications: The representative work on and mMIMO integrated NOMA systems are presented in Table IV for scenarios where they operate in the mmWave frequency band and otherwise. Building on the MIMO-NOMA systems presented as background in Section III-A1, it is expected that B5G systems will adopt massive MIMO-NOMA systems, where the number of antennas at the BS is much greater than the number of users. The different rate optimization schemes from the literature in this class is provided in Table IV . While the favorable propagation conditions in mMIMO systems say that an individual beam can be formed per user when the number of antennas at the BS is infinite, users with highly correlated user channels are hard to separate through SDMA with a finite number of antennas. However, as with the clusterbased MIMO-NOMA systems, such users are ideal to be grouped in a cluster if there is sufficient difference in their large-scale fading coefficients [175] . This leads to similar US and PA optimization algorithms as the cluster-based MIMO-NOMA systems. As such, sum-rate optimization problems in such a mMIMO-NOMA setting have been studied in singlecell [176] , [177] and multi-cell [180] frameworks using this clustering-based approach. The authors proved that the more users are admitted to the same cluster, the lower is the achieved sum rate. Hence, a user admission scheme has been proposed that achieves a good balance between the sum rate and number of admitted users [153] One beam per user The sum-rate performance of the proposed scheme outperforms OMA scheme when the number of users exceeds the number of resource blocks [190] A downlink multi-cell mmWave mMIMO-NOMA enabled system, 2K multi-antenna users
Max. sum rate
An alternate optimization algorithm based on the constrained convex-concave procedure (CCCP)
The proposed schemes to optimize the precoder and decoder design, as well as a cooperative scheme outperform baseline mmWave-NOMA schemes in multi-cell settings Further, as highlighted in Table IV , a large amount of work has been conducted in the mMIMO-NOMA systems in the mmWave bands. This is because large antenna arrays is seen as a pre-requisite to successful mmWave deployment as described in Section II-B. When operating in these high frequency bands, the system model needs to consider the low-rank channels and spatial correlation characteristics that are typical for the mmWave communications [88] , [89] . While the high spatial correlation of users is typically a constraint for user separation in MU-MIMO systems, MIMO-NOMA systems operating in the mmWave band can use the clustering approach to exploit this correlation to form a cluster and separate the users in The JT-CoMP-NOMA scheme significantly outperforms the JT-CoMP-OMA scheme with more energy requirements [193] A large-scale interferencelimited HetNet with randomly distributed users Max. sum rate Heuristic algorithms
The Coordinated JT-NOMA scheme significantly increases the throughput in dense networks [194] A user-aided cooperative CoMP-NOMA system Max. sum rate BnB method and low complexity greedy algorithm
The sum-rate performance of the proposed scheme outperforms both NOMA and OMA schemes [195] Generalized joint transmission CoMP (GCoMP)
Multiple users per cluster model in downlink CoMP-NOMA system Max. normalized sum rate
KKT optimality conditions
The sum-rate performance of the proposed scheme outperforms both CoMP-NOMA and GCoMP-OMA schemes the power domain [89] , [188] . Another practical limitation of systems operating in the mmWave bands with mMIMO large scale antenna arrays is that scaling the number of transceivers with the number of antennas is often unfeasible. Hence, unlike with regular MIMO-NOMA systems, the system models studied in the literature often use either analog BF with a single RF chain [101] or a hybrid BF design with a reduced number of RF chains [89] , [184] , [185] . With these additional constraints in the system model, sum-rate optimization schemes in the mmWave bands have similar US and PA design objectives as those with other MIMO-NOMA schemes, e.g., [88] . In multicell mmWave-NOMA settings, the authors in [190] propose an angle-domain NOMA scheme that schedules one cell-centre and one cell-edge user in a NOMA pair, for each beam in each cell. The sum rate is then maximised by optimizing the precoder and decoder BF design along with the selection of paired users, in settings where the cells co-operate as well as when they do not. For the US sub-problem, while it is typically tackled through traditional optimization schemes, in [188] and [189] , the US problem is solved using an unsupervised clustering ML approach. Both these works exploit the high correlation amongst users channels and the fact that mmWave propagation is dominated by the LoS path to effectively employ K-means clustering. Since the effects of multipath propagation are limited in mmWave spectrum, the user clustering in mmWave-NOMA systems comes down to finding spatially correlated users with the available CSI at the BS. This is precisely what unsupervised clustering algorithms are capable of achieving without any labeled training data.
B. Rate-optimal NOMA with CoMP Schemes
The promising performance gains of PD-NOMA scheme in terms of the spectral efficiency and fairness in the single-cell scenarios has motivated extending it to multi-cell scenarios. This is especially true for the weaker cell-edge users who would also increase their achievable rates through CoMP schemes leading to CoMP-NOMA systems resulting in enhancement of both spectral efficiency and network throughput. A summary of the up-to-date work on the rate-optimal CoMP-NOMA systems is provided in Table V. In addition to this list, the performance of two hybrid CoMP-NOMA and CoMP-OMA schemes in heterogeneous ultra-dense networks was investigated in [48] . This was conducted using system-level simulations and the results indicated interesting trade-offs in these networks depending on the roles of the macro-and micro-BSs in the coordinated transmissions and the density of the micro-BSs. This is further highlighted in Section IV-B.
C. Rate-optimal NOMA Schemes with Cooperative Communications
The merits of cooperative transmission schemes lie in the ability of extending the coverage area of the network and of improving the users' SINR, consequently the users' rate is improved. This happens by providing some users with multiple copies of the same message while utilizing some form of combining techniques such as the maximum ratio combining (MRC). Recently, the adoption of the cooperative communication systems in conjunction with NOMA has received a lot of interest [86] , [90] , [196] - [208] , [210] - [222] , [225] - [235] . This is due to the advantage of the spatial diversity gain in improving the users' rate while enhancing the spectral efficiency of the network [213] .
A summary of the up-to-date work on the rate-optimal NOMA schemes in relay-assisted, user-assisted, and device-todevice (D2D) cooperative communication systems is provided in 1) In this variant, a BS sends a superimposed signal to a relay, then the relay forwards the received signal to two or K users through DF or AF modes. Subsequently, the users perform SIC procedures to decode the signal sent from the relay as described in Section II-A. This system model is adopted by several researchers [196] - [198] , [200] , [201] , [203] , [204] . The proposed scheme achieves higher throughput as compared with buffer-aided relaying without NOMA and conventional relaying with opportunistic NOMA scheme [197] HD-AF One BS+one relay+K users, single-antenna nodes Max. the strongest user-rate
Alternating optimization method
The proposed scheme outperforms the conventional OMA-AF relay scheme [90] HD-AF 
Lyapunov optimization approach
The proposed transmission scheme outperforms an equivalent transmission schemes with fixed power strategy and with OMA strategy [201] HD-AF One BS + one relay + K users, BS/users: single antenna, relay: multiple antennas
Max. sum rate
Cutting-set iterative method
The proposed robust NOMA scheme outperforms the non-robust and the conventional OMA scheme counterpart [202] HD-DF The sum-rate performance of the proposed scheme is superior to its counterparts with either HD-NOMA and HD/FD-OMA schemes [209] HD-DF A two-relay two-destination NOMA scheme, single-antenna nodes Max. end-to-end sum rate
Conic sections from plane geometry
In the proposed scheme, authors observed that allocating all transmission power of the BS to send data to the stronger relay is not necessarily optimal [210] HD-DF and FD-DF Two NOMA-based cooperative broadcasting/multicasting schemes for V2X communications, single-antenna nodes
Maxmin user-rate Bisection algorithm
Both proposed schemes achieve better performance than a NOMA scheme with fixed power allocation as well as an optimized TDMA scheme with an increase in the signaling overhead [211] User-assisted The sum-rate performance of the proposed scheme is slightly less than that of D.C. approach [229] but with a low computational complexity [231] A D2D pair The proposed scheme achieves better/worse sum-rate performance under light/heavy vehicle traffic than that without NOMA scheme as NOMA scheme is more sensitive to inter-group interference [235] V2V pairs and V2V groups Similar to [234] , but with more realistic interference environment
Max. sum rate 3-partite hypergraph
The proposed V2X-NOMA system with greedy/iterative 3-dimensional matching allocation algorithms achieve higher sum-rate performance with low/an acceptable increase in the computational complexity than that of V2X-NOMA/OMA system with random allocation algorithms 2) In this case the system model is similar to the previous one, but there exists an additional communication link between the BS and the strong user. Usually in this setup the objective of the optimization is to maximize the strong user-rate while assuring an acceptable rate to the weak user as proposed in [205] . 3) Alternately, a two-way relaying model, where uplink users transmit signals to a relay using uplink NOMA scheme and then the relay broadcasts the superimposed signal to other downlink users. This model is usually deployed in decentralized networks that aim to reduce the signaling overhead and the deployment overhead of the centralized networks as proposed in [207] , [208] .
(ii). User-assisted cooperative NOMA schemes:
1) In this case, a BS transmits a superimposed signal through NOMA scheme to two users that have different channel gains. The strong user uses DF or AF modes to forward the signal to the weak user which employs SIC to decode its own message. Such a model was studied in [212] , [214] - [216] , [218] - [220] . 2) Another system model is similar to the previous one but without a direct link between the BS and the weak user. This model is useful to extend the network coverage and was proposed by Zhang et al. [213] . (iii). D2D cooperative communication system models [225] - [227] ; such system models have been considered to improve the spectral efficiency and to reduce the endto-end latency. (iv). V2X cooperative communication system models [210] , [221] , [222] , [234] , [235] . These models cover all the previous possibilities which are (i) relay-assisted, (ii) user-assisted, (iii) V2V cooperation types. Such models were proposed to enhance connectivity and to improve spectrum efficiency. In addition, as seen in Table VI(a) and Table VI(b), the existing works in cooperative NOMA schemes have explored half-duplex communication mode [90] , [196] - [205] , [207] , [208] , [210] - [212] , [214] - [217] , [220] - [222] , [225] - [235] , full-duplex communication mode [86] , [205] , [206] , [210] , [213] , [218] - [220] , and hybrid half-duplex/full-duplex communication mode [205] , [220] . The vast majority of the representative works in NOMA-enabled cooperative communication systems considered half-duplex communication mode; since the half-duplex mode yields lower implementation complexity and inherently avoids the self-interference as compared to FD mode. However, the recent advancements in SI cancellation technologies, the move towards short-range networks, and the low spectral efficiency of HD mode paved the way for the adoption of FD mode in NOMA-enabled cooperative communication systems. In order to further improve the system performance, by exploiting the tradeoff between the efficiency loss of the HD mode and the inherent self-interference of the FD mode, a hybrid half/full-duplex cooperative NOMA that dynamically switch between and HD and FD modes has been proposed by Chen et al. [205] and Liu et al. [220] . Overall, since NOMA and full-duplex are complementary in principle toward improving the SE of a network without the need for additional bandwidth resources [52] , we expect that the research in B5G networks will focus more on the integration of NOMA with full-duplex communication as compared with the integration of NOMA with half-duplex communication.
D. Rate-optimal NOMA Schemes with Cognitive Radio Communication
The main aim of cognitive radio communication systems is to improve the utilization of the available spectrum. Therefore, PD-NOMA is adopted in conjunction with CR to further enhance the system spectral efficiency. A summary of the up-to-date work on the rate-optimal CR-NOMA schemes is provided in Table VII. One can notice from the outlined work in Table VII , that researchers have investigated three main system models, namely: (i) conventional cognitive radio [91] , [236] , [240] , (ii) cognitive radio in heterogeneous networks (i.e., with macro-BS(s) and femto-BS(s) setting) [126] , [237] , and (iii) cognitive radio with cooperative communication systems, namely, relay-assisted [239] , user-assisted [241] , relayassisted and user-assisted [238] .
E. Rate-optimal NOMA Schemes with VLC Although VLC systems have abundant free bandwidth, the current off-the-shelf LEDs have limited bandwidth which necessitates the adoption of spectrally efficient schemes like NOMA-enabled schemes to attain the desired high data rates. Moreover, indoor and low mobility VLC systems have the attractive features of quasi-static nature of the propagation channel and relatively high SNR conditions, especially for short-distance communications and clear LoS conditions, as these features allow more reliable estimation of the channel gains and SIC, respectively. A summary of the up-to-date work on the rate-optimal NOMA-enabled VLC systems is provided in Table VIII for different trans-receive configurations.
It should be highlighted here that unlike RF systems, where the input is typically assumed to be scalar or vector with Gaussian distribution, the capacity-achieving inputs for amplitudeconstrained multi-user multiple-access and broadcast VLC and optical channels are still, in general, open problems [250] - [252] and the capacity bounds and/or the modulation schemes such as pulse-amplitude modulation, on-off keying, and pulseposition modulation are widely used in optimizing the achievable rates in such channels.
F. Rate-optimal NOMA Schemes with UAV Assisted Communication
As described in Section II-H, the use of UAVs in 5G and beyond communication systems is fast growing. The typical use-case studied in UAV-NOMA systems is when the UAV acts as a flying BS and provides a capacity boost to an existing terrestrial network [53] . The goal is to serve more users by scaling up the number of BSs in an ad-hoc fashion to meet any unprecedented traffic needs. PD-NOMA scheme also aims to serve more users concurrently. This is accomplished via nonorthogonal spectrum sharing. For further spectral efficiencies gains, the two technologies can be combined to have the flying BSs to serve users through the NOMA scheme. This UAV-NOMA framework adds an extra degree of freedom to the rate optimization problem by allowing for choice of UAV placement, altitude, and trajectory. In this section, we survey how this additional degree of freedom has been exploited by researchers in such UAV-NOMA systems [253] - [256] , [259] . Table IX summarizes the existing literature on rate optimization schemes in UAV-NOMA systems. The system models typically involve a UAV acting as a flying BS and multiple users served by the UAV [254]- [256] . As described in earlier sections, the design variables in the rate optimization problems for NOMA schemes typically involve power allocation, user scheduling, or even beam design if multiple antennas are available. In UAV-NOMA systems, there is the additional design variable of the UAV placement (the location in the 3D space). In the work by Liu et al. [254] the sum rate is maximized through an algorithm that first finds an optimal placement for the UAV, followed by the PA coefficients. In another work by Sun et al. and Nasir et al. [255] , [256] , a joint optimization of the UAV placement with other design variables is considered for a max-min rate optimization problem. In [255] , it is only the UAV placement and PA that is jointly optimized; Relay-assisted spectrum sharing scheme with userassisted cooperation in cognitive radio network, single-antenna nodes
Max. sum rate of secondary receivers
The optimization problem is transformed to a convex problem through reformulation, then the closed-form solution is obtained through relaxation
The proposed scheme has been compared with an equivalent scheme but without user-assisted cooperation.
The proposed scheme reduces the required transmit power while achieving same rate performance results [239] CR network with full-duplex relay-assisted transmission The proposed NOMA scheme outperforms TDMA scheme in term of the sum rate while in [256] , the authors jointly optimize several design variables including the UAV altitude, user scheduling, PA, and the transmit antenna beam-width. While allowing for flexible UAV placement can help increase the spectral efficiency, the energy efficiency is inversely related to the UAV altitude. Hence, the authors in [253] studied a scheme with fixed UAV altitude and compared it with a scheme where the UAV altitude was allowed to be optimized by the algorithm. The authors showed that there are significant spectral efficiency gains from allowing the UAV altitude to be optimized, but at the cost of energy efficiency.
As the UAV is used as an add-on to a terrestrial network, multiple users will be served partly by a ground BS and partly by the UAV acting as a flying BS. In such a model, the UAV transmissions will cause interference to the BS-served users. The study in [259] addresses such a scenario with a twopart strategy: (i) in the first, a joint user scheduling and UAV trajectory iterative optimization scheme is designed for the UAV-served users; and, (ii) in the second, a NOMA precoding scheme is developed for the BS-served users to cancel the interference from the UAV-served users. This is accomplished by exploiting the multiple antennas available at the BS.
In the work by Mei et al. [261] , an uplink system model of BSs that co-operate with each other, one UAV and multiple ground users are considered. However, in this case, the UAV is considered as an uplink user rather than a flying BS. Hence, the ground BS has to serve the UAV as well as the ground users. In this model, the higher the uplink rate for the UAV, the more the interference to the ground users. As a result, the weighted sum rate of the UAV and ground users is optimized through a user scheduling and power allocation algorithm.
G. Rate-optimal NOMA Schemes with Other Enabling Technologies 1) Backscatter Communication (BackCom): Recently, the BackCom paradigm described in Section II-I1 has been enhanced to use a transmission protocol involving NOMA as well as TDMA to enhance spectral efficiency [263] - [265] . Rate optimization problems aim to maximize the minimum throughput among BDs [264] or the overall sum throughput of all the BDs [263] . For NOMA, the power reflection coefficients from the BDs needs to be selected as opposed to the typical PA coefficients as in other NOMA-enabled systems. Hence, by jointly optimizing the power reflection coefficients as well as the BDs time allocation slices, a NOMA-enabled BackCom can achieve higher rates. However, if the BDs operate in a harvest-then-transmit (HTT) mode by harvesting energy from the power source before transmitting their information using the harvested energy, it is shown in [263] that the pure TDMA scheme outperforms NOMA as it can harvest more energy.
2) Integrated Terrestrial-Satellite Networks: NOMA is used as an enabler in integrated terrestrial-satellite networks to bring spectral efficiency gains that complement the ubiquitous coverage gains from satellite communication. In [134] , the ground BS and satellites co-operate to jointly serve a set of users, but only the terrestrial network adopts NOMA as a multiple access scheme. In such a model, a user can camp to either a terrestrial or satellite network based on the channel conditions. Transmissions from one network cause interference to the other, which is mitigated through multi-antenna BF techniques. A joint iteration algorithm for BF vectors and PA coefficients of both networks is proposed in [134] to control the level of interference from one network to another. On the other hand, in [266] , the satellite uses multicast communication to serve the earth BSs, which in turn serve individual users through NOMA. A sum-rate optimization problem is then formed with per-antenna power constraints and QoS constraints at both the earth BS and end users considered.
3) Mobile Edge Computing (MEC) and Edge Caching:
IoT devices usually have restricted memory and computational capabilities. Therefore, they require many computationally intensive tasks that need to be performed at a centralized location or base station. The transfer of the tasks to the MEC servers still has many challenges. The first one is that a large number of IoT devices can share the same MEC servers; therefore, ensuring the availability of computational resources in MEC servers that meet the processing requirements of the tasks is not an easy job. Secondly, the IoT devices have limited battery life, the computation of tasks locally on the device or the transfer of data to a MEC server consume energy that could lead to quick depletion of the battery. Subsequently, the optimization of resource allocation in MEC-based networks is essential in real-world applications to ensure timely completion of the computational tasks and long-lasting use of the batteries of the IoT devices. In [268] , a resource allocation problem in downlink NOMA-enabled MEC network that maximizes the weighted sum rate of NOMA users has been proposed.
Later an extension to [268] that jointly optimizes the resource allocation and power allocation has been analyzed in [269] . In both works employing NOMA scheme achieve better system weighted sum-rate performance as compared to equivalent systems that employ OMA scheme; since NOMA allows multiple users to access to same sub-carrier simultaneously. NOMA superiority comes at the expense of increasing the co-channel interference among users that caused by frequency reusing. Subsequently, both works utilized a mechanism to control this interference. This mechanism contributes in increasing the system complexity.
Conventional edge cashing assumes that the content can be pushed in off-peak hours in an error-free manner [271] . However, this assumption is valid only if the content files vary slowly (e.g., windows software updates). On the other hand, if content files vary quickly (e.g., trending news), then the edge caches need to be updated during on-peak hours. To efficiently facilitate pushing content during on-peak hours, Ding et al. [271] proposed two NOMA assisted caching strategies, namely, push-then-deliver strategy and push-anddeliver strategy. In the former strategy, a short time interval is reserved for content pushing during on-peak hours and NOMA scheme is utilized to push more content files to the local caching servers as well as to provide more connections in content delivery stage as compared to OMA scheme. While the latter strategy occurs when a user request cannot be found in the local content servers. Subsequently, the user needs to be served directly by the BS not by the local content servers. In that case, the BS fetches the requested content file from the back-haul and utilizes the NOMA scheme in order to both serve the user directly and push this new content file to the local content servers through one transmission. Consequently, this strategy increases the frequency of updating the local content servers. Another emerging application area of caching and NOMA was proposed by Xiang et al. [270] . In [270] , the cached data at the users were considered as side information and exploited for interference cancellation in NOMA transmission.
H. Lessons Learnt
The main lessons learned are listed as follows:
• The rate optimization problem of NOMA schemes is a joint optimization problem that typically involves optimal power allocation, optimal user-clustering/userpairing, optimal BF weights design in multi-antenna systems, and possibly considers optimal channel allocation.
This would typically lead to a non-convex and combinatorial NP-hard optimization problems and finding the optimal solution in most cases needs exhaustive search which is not practical. Consequently, researchers have adopted different approaches to circumvent the difficulty associated with these problems through optimization techniques as summarized in Fig. 6 were the following conclusions may be deduced: For power allocation only (where a certain sub-optimal user clustering is utilized and no channel allocation is considered), the optimization problem is typically non-convex but not combinatorial and the classical relaxation-optimization methods, for example, successive convex approximation (SCA) [244] , difference of convex (D.C.) programming [207] , [229] , or even using game theory as a way to find nearoptimum solution while relaxing the original non-convex problem, for example, to do this in [174] the PA nonconvex problem is relaxed and modeled as a noncooperative competitive game. Differently, for user clustering and power allocation (no channel allocation is considered), as UC is included the problem becomes typically combinatorial and more computationally-involved optimization methods are been utilized, for example, gradient projection algorithm [249] , some iterative PA and UC algorithms [146] , [169] , or even algorithms that are based on matching theory [88] , [89] , [217] , [232] , game theory [96] , heuristic search [156] , and machine learning [188] . A similar observation applies when resource allocation is considered with combinations of PA, BF, and UC as depicted in Fig. 6 . Additionally, the rate optimization problem of NOMA schemes might include other considerations that indirectly affect system rate-performance, such as the users' classification in CoMP schemes [192] , optimizing the number of admitted users [169] and developing efficient BS-antenna selection algorithm [178] in multi-antenna NOMA systems, UAV altitude/location/position/trajectory optimization in unmanned aerial vehicles assisted communications [253] , [255] - [259] , optimizing SIC decoding order for users; particularly in multi-cell NOMA-HetNets where the near user is not necessary a user with good channel quality [272] . • For interference-free and weak interference environments such as single-cell scenarios and low-user-density multicell scenarios, most of the reported work have demonstrated the performance gains of NOMA as compared to OMA schemes. On the other hand, for stronginterference environments such as multi-cell scenarios with strong inter-cell interference and heterogeneous networks with high-density micro-BSs some work reported that the achievable rates by OMA schemes outperform the NOMA scheme. Since the sum-rate performance of the system is deteriorated by the demanding minimum-rate users constraint which is used for achieving user fairness (i.e., we need to allocate larger power for users that have weak channel conditions to achieve user fairness). This would require the use of hybrid NOMA-OMA and/or other variants of PD-NOMA that are less interference- Fig. 6 : A summary of the common design variables and optimization methods used in rate-optimal NOMA-enabled schemes and technologies for future wireless networks.
limited as discussed in section IV on future research topics. • For NOMA-enabled systems operating in higher frequency ranges, e.g., mmWave communications, the nature of the wave propagation means that the waves do not travel as far, the LoS path wave dominates and multipath propagation is not as much as at lower frequencies.
The short propagation distance means that large scale antenna arrays are often used for beamforming gains. All these factors influence the design of NOMA-enabled systems at higher frequencies. The lack of strength in multipath signals implies there is stronger correlation among users channels. This is a condition favorable to NOMA, as it aids user clustering. Researchers exploit this characteristic for user pairing in mmWave systems, along with the large antenna arrays that aid in placing users in beams, i.e., clusters. • ML has emerged as an approach to solve aspects of the rate optimization problems in NOMA-enabled systems. For example, in mmWave systems, exploiting the high correlation amongst users channels with LoS dominated communication links, unsupervised clustering ML algorithms have been used to tackle the user selection subproblem [188] . Neural networks have also been employed in D2D cooperative networks for resource allocation [233] . A detailed analysis of these and other ML approaches to rate optimization problems is provided later as part of the future research directions in Section IV-H. • For the integration of PD-NOMA with more than one of the enabling technologies or schemes, the existing litera-ture has considered (i) the integration of CoMP-NOMA with user-aided uplink cooperative communication to enable cell-edge users to transmit signals at low power and to achieve high sum-rate system performance [194] , (ii) UAV-NOMA and integrated terrestrial-satellite communications [267] are two closely linked technologies, where the UAV or satellite can act as a BS to complement the traditional ground BS's. When NOMA is integrated to a UAV acting as a BS or a high altitude satellite, the propagation is largely dominated by the LoS path. This makes co-located users easy to group into clusters and serve them using PD-NOMA. In this regard, these technologies share a similarity with mmWave and above communications, as they are also LoS dominated and make co-located users good candidates for user clustering in NOMA pairs. The interested reader can look at other noticeable integrations of D2D underlaying NOMA with UAV-assisted communication [229] , [230] as well as full-duplex cooperative communication with (i) cognitive radio network [239] , (ii) backscatter communication system [265] , and (iii) underwater acoustic network [273] .
IV. FUTURE RESEARCH DIRECTIONS
The survey documented in this article has revealed performance gains and/or trade-offs that motivate further investigations of the aforementioned NOMA-enabled schemes and technologies. In the following paragraphs, we highlight some of the possible directions of future research on the integration of PD-NOMA with advanced multi-antenna architectures, mmWave, CoMP, cooperative communication, cognitive radio, VLC, UAV communications, BackCom, integrated terrestrialsatellite networks, MEC and edge caching, IRS, underwater communications and their combinations. Regarding both IRS and underwater communications, they are only discussed in this section as the integration of these technologies with NOMA is still in its infancy and the door is open to mature their integration with NOMA in future research.
A. Advanced Multi-antenna Architectures, mmWave (Beyond 100 GHz), and THz NOMA-enabled Communication
As surveyed in Section III-A, a lot of work exists in MIMO-NOMA systems, including mMIMO-NOMA and mmWave-NOMA systems. However, there are still a few interesting research directions to pursue in these fields that we outline first, followed by a more detailed discussion of future work in NOMA integrated with the other emerging multi-antenna architectures operating in the higher end of the mmWave spectrum as well as THz frequencies.
For the more conventional MIMO-NOMA systems, investigating rate optimization schemes in multi-carrier settings like OFDM requires further consideration as the user ordering will be different across the different blocks of OFDM subcarriers, depending on the coherence bandwidth of the channel. Considering channel assignment, along with PA and US adds a significant level of complexity to the rate-optimization problem, e.g., [203] , [274] . Secondly, uplink MIMO-NOMA communication systems offer interesting research directions when the power budget of the UL transmitters is considered in the problem, especially the low-cost ones typical of the massive machine type connectivity scenarios in 5G [275] . As a result, the PA and BF strategy has to consider the enduser capabilities in the problem, particularly in multi-carrier settings like OFDM, where the peak-to-average-power-ratio (PAPR) constraints come into play [276] .
The combination of NOMA with other advanced multiantenna architectures provides promising research directions. For example, a system that integrates 3-D MIMO with NOMA can solve the typical challenges 3-D MIMO systems face on their own. To separate users on different floors of a building through vertical BF with a limited antenna array size, the challenge is to form narrow enough beams that keep the inter-beam interference under control [102] . The introduction of PD-NOMA to such a setting can help alleviate this problem, as users within a beam can be separated using NOMA, thereby allowing for much wider beams to be formed without affecting the overall sum-rate. Further, NOMA can be integrated with the cell-free massive MIMO technology described in Section II-C. The main limiting factor with CF-mMIMO systems is that it can only support a small subset of users. However, the integration of NOMA allows for more users to be combined by the entire set of antennas, allowing for more efficient resource utilization. This leads to interesting rate optimization problems involving antenna selection, user selection, and power allocation. Lastly, the large intelligent surfaces (LIS), also discussed in Section II-C can be combined with NOMA to further enhance the spectral efficiency. Despite the use of a large surface full of transmitting antennas, to support massive connectivity, beams that are narrow enough to distinguish the different users are challenging to form [105] . A NOMA-LIS system that groups clusters of users through the LIS and then serves the users within a cluster through NOMA is an area worthy of future work.
As discussed in Section II-C, B5G systems are likely to use frequency bands above 100 GHz [107] , where the main challenge is the high path loss experienced during signal propagation. Through the use of extremely large antenna arrays, beamforming solutions help increase the coverage area. The integration of NOMA serves as a great complement to such systems, as it helps cover a large set of users within such a beam. In this way, a large number of users can be supported at very high data rates, a key requirement on B5G networks. Particularly, since analog or hybrid BF is often employed in very large antenna systems to reduce the cost [101] , the BS is only able to produce one beam at a time with analog BF. The beam and user selection problems in such a setting are promising research topics in the context of rate optimal NOMA-enabled schemes operating beyond 100 GHz with very large antenna arrays. There is one existing work in THz-NOMA systems in [277] , where the authors employ a hybrid BF design to an ultra massive-MIMO system to form clusters of four users each, followed by power allocation and subband assignment. The proposed BF algorithm accounts for the distance and frequency selective properties of the THz band. In fact, the study by Rappaport et al. in [107] highlights some peculiarities in bands above 100 GHz, where some bands are prone to high attenuation, while some other bands suffer surprisingly little loss compared to sub 6-GHz bands. In [107] , the authors advocate that such bands above 100 GHz that suffer less loss and so can provide good coverage are candidates for deployment in high-speed 6G networks. The integration of NOMA to such bands is an area of future research work.
B. CoMP-NOMA Communication Schemes
The rate optimization is an attractive topic for future research on CoMP-NOMA systems. This is particularly true as both schemes target enhancing the spectral efficiency of future dense wireless networks. As highlighted in Section II-D, the promising performance gains of joint transmission (please see Table V ) are limited in practice by the demanding requirements on the back-haul capacity and the tight synchronization among the coordinated BSs/APs. This fact motivates consideration of the coordinated beamforming version of CoMP-NOMA schemes for future investigation. Further, the performance trade-offs of hybrid CoMP-NOMA and CoMP-OMA schemes need further study, especially in heterogeneous ultra-dense networks. In particular, as reported in [48] , [278] , CoMP-OMA schemes tend to outperform CoMP-NOMA schemes for high-density micro-BSs networks due to the high interference conditions. Such optimized hybrid schemes are attractive for the evolution of the current 4G and 5G OFDMA-based networks towards B5G networks. Another related interesting direction to investigate is the achievable rates of the recently proposed partial NOMA scheme [279] , which allows a partial overlap of the multiplexed users' signals to reduce the interference among them, with CoMP schemes in heterogeneous networks.
An interesting direction of research for reliabilitydemanding applications in future networks is to integrate other advanced interference mitigation schemes such as interference alignment schemes. These interestingly would allow a linear scaling of the sum rate with the number of users and can be implemented using linear trans-receive beamforming schemes [280] - [282] , in CoMP-NOMA systems to reduce the inter-cluster interference, as in [283] for a basic multi-cell environment with two users per cell, especially in case of nonorthogonal channel assignment to these NOMA clusters and/or the interference at the non-CoMP users to further enhance the overall network throughput.
C. Cooperative NOMA Communications
The three adopted types of cooperation in cooperative NOMA communication systems in the literature discussed in Section III-C, are envisioned to play a prominent role in future wireless networks. For relay-assisted and user-assisted cooperative NOMA schemes, an area worthy of investigation is the adoption of rate-optimal schemes in V2X systems under low and high mobility scenarios to improve the spectral efficiency as well as to accommodate more vehicles over limited spectrum resources. Furthermore, few number of existing works have studied the rate-optimal cooperative V2X-NOMA systems in downlink setups, for example the study by Chen et al. [221] , while rate-optimal cooperative uplink V2X-NOMA systems with single and multi-carrier settings is still an unexplored area. The adoption of V2V cooperative NOMA schemes in V2X systems is highly promising and yet is not well explored.
Other interesting open research problems can be listed as follows: i) The majority of the works in cooperative NOMA systems have investigated either half-duplex or fullduplex communications is a separate fashion. Only two works were found [205] , [220] that have studied the potential of dynamic switching between the half-duplex and the fullduplex modes in relay-assisted and user-assisted cooperation types, respectively. Studying the applicability of such a hybrid mode for D2D cooperative schemes is essential. ii) Several researchers have investigated DF and AF relaying protocols in cooperative NOMA schemes; however, other relaying protocols such as CF and analog network coding (ANC) have been only studied under specific NOMA settings. Particularly, CF relaying protocol with NOMA scheme has been only explored by So and Sung [284] under relay broadcast channel and by Li et al. [241] under an overlay cooperativecognitive radio network. Studying CF, ANC, and possibly other relaying protocols for different settings and comparing their performance with its counterpart system models that adopt DF and AF relaying protocols are valuable to guide the research community to the optimal relaying protocol for each setting. iii) Cooperative relay sharing NOMA scheme is an interesting topic of research. In this system model, two source-destination user-pairs share a dedicated FD relay between them. This comprises two source-user pairs which utilize uplink-NOMA scheme to transmit signals to the relay, then the relay utilizes the superposition coding in downlink-NOMA scheme to deliver the signals to its intended destination user-pairs. Such a system can reduce the network deployment cost and also the end-to-end delay. The investigation of the rate-optimal scheme for such setup needs to be conducted. iv) Alsaba et al. [219] have investigated a full-duplex user-assisted cooperative NOMA scheme with perfect and imperfect SI cancellation cases. These cases can be extended to relay-assisted cooperative NOMA systems for different architectures.
D. Cognitive Radio NOMA Communication
As illustrated in Table VII , rate-optimal CR-NOMA schemes outperform the corresponding CR-OMA schemes for single-cell scenarios. More practical system models in multicell settings, with single and multi-carrier deployments, under MIMO or mMIMO setups need to be explored to further enhance the network performance and its trade-offs. Furthermore, as stated in Section III-D, rate-optimal CR-NOMA schemes have been adopted only in heterogeneous networks as well as with relay-assisted and user-assisted cooperative communications in order to achieve better spectrum utilization and to add multiple design dimensions to the previously mentioned networks. In addition to that, more research on the adoption of rate-optimal CR-NOMA schemes in other emerging communication systems such as V2X communications, D2D cooperative communications, internet of things networks, etc., is required. Also, in [241] , a hybrid NOMA-OMA transmission protocol in an overlay cooperative-cognitive network has been proposed and applying such a transmission scheme for other CR paradigms and architectures can be an interesting future research direction as such a scheme can offer better system performance than NOMA or OMA schemes separately. Moreover, in [240] , two uplink information transmission CR-NOMA schemes under the conditions of two different CR paradigms, namely underlay and overlay, have been proposed. Extending such uplink schemes to different CR architectures can be an interesting topic of research.
E. VLC-NOMA
As evident in Table VIII , only a few works have considered the optimization of the achievable data rates in VLC-NOMA systems and networks. Moreover, most of them have considered the single-cell scenario which motivates future work for the more practical multi-cell scenarios for both VLC and hybrid RF/VLC networks. This is for the different trans-receive arrangements, especially for outdoor applications where channel conditions may change fast and more interference sources are present as compared to those in indoor applications. Also, the use of VLC in V2V and in general V2X communications [285] , [286] , to replace or complement the existing dedicated short-range communication (DSRC) scheme, has attained high data rates. This would enable future high-definition and real-time applications required for safe, secure, and energy-efficient better informed or autonomous driving that have appeared in 5G networks and are expected to be fully realized in 6G networks. However, weather, road conditions, background solar radiation, and other light sources tend to limit the reliability of long-range V2V VLC which motivates the adoption of NOMA schemes in dense V2V VLC networks [34] . This will also enhance the spectral efficiency and guarantee user fairness. The low SNR at the receiver, and changing channel conditions, require the design of robust VLC-NOMA systems. This will ensure the quality of SIC decoding, along with rate-maximizing user clustering, beamforming, and power allocation schemes, as well as the LEDs placement and the optical receiver arrangement (receiver type, FoV size and orientation, optical filtering,...) in dense and dynamic vehicular networks. Furthermore, cooperative VLC-NOMA, CR-VLC-NOMA, MIMO-VLC-NOMA, and VLC-NOMA with CoMP systems can be utilized to extend the communication range, enhance the spectral efficiency, and increase the achievable rates in these networks. An example would be the use of multi-hop relaying in platooning applications in NOMA-enabled V2V VLC networks.
F. UAV-NOMA Assisted Communication
As can be seen from Table IX in Section III-F, the combination of UAV and NOMA is a very new field with a large number of unexplored research directions. Most existing rate optimization schemes are in the context of one UAV acting as a flying BS and serving multiple users. In [259] , this model was extended to consider the interference caused to users served by a ground BS. However, as described in Section III-F and evidenced by the tutorial in [130] , the UAV-NOMA system has multiple ways of using the UAV and sum-rate optimization problems in each of these frameworks are promising directions of future research. As an example, in [261] , the use case with the UAV as a flying user is explored. The most interesting of these scenarios arguably is the introduction of NOMA to a multi-tier terrestrial and aerial framework involving ground BSs for long term deployment, LAP flying UAV BSs for flexible short-term deployment, and some HAP UAV BSs for medium-term deployment as described in [130] . Tackling the sum-rate optimization problem with NOMA included in such a complex system model is an area of future research.
Further, the rate optimization schemes from other sections surveyed in this paper can be applied to a UAV-NOMA system with the additional flexibility of the UAV altitude and placement. For example, MIMO-NOMA and mMIMO systems can be enhanced to consider the UAV placement problem in them. The ground BSs, UAVs or the users can all be equipped with multiple antennas, leading to beam design, power allocation, UAV placement, and user scheduling optimization problems. Similarly, cooperative schemes that involve relays can be adapted to have the UAV act as a relay. This gives additional degrees of freedom because the location of the relay can be optimized to be closer to the BS or to the user as required. As a relay link, the UAV could even move between the different hops of the transmission. This leads to interesting power allocation coefficient design problems. CoMP-NOMA systems with UAV is also an important unexplored area, since the BS and UAV can co-operate to jointly set the design variables involved in a UAV-NOMA system that aims to maximize the sum rate. The UAV-NOMA model can also been applied to other B5G technologies, for example, the authors in [287] have applied the UAV-NOMA model to self-sustaining backscatter networks that do not require external power supply [288] .
G. Rate-optimal NOMA Schemes with Other Enabling Technologies 1) Backscatter Communication (BackCom): Rate optimization schemes in BackCom networks is a new and attractive research area for future wireless networks. Similar to multicell networks in traditional cellular networks, system models with multiple RF sources or backscatter receivers need to be considered. BDs will need to choose which source carrier wave to modulate their information on. Further, as reported in [263] , OMA outperforms NOMA for BDs operating in harvestthen-transmit (HTT) mode. However, NOMA was shown to enhance the sum rate when the BDs are only transmitting on top of the emitted RF waves from the source. Hence, hybrid models where some BDs are in HTT mode and some are only modulating on top of carrier waves is an avenue for future research.
2) Integrated Terrestrial-Satellite Networks: The use of NOMA in satellite-based communication networks has strong appeal for B5G networks as it enables ubiquitous coverage with high spectral efficiency. In this regard, rate optimization problems for different flavours of users and system models can be considered for research. In the existing works, the earth BS co-operates with the satellite to support ground users or alternatively, a multicast link is established between the satellite and earth BS. As illustrated in [134] , if the same frequency band is used for the satellite-BS and BS-users links, it leads to interference management challenges that are different from a multi-cell ground network. This framework can be extended with the UAV-based framework, where users can be supported via a 3-tier system involving the satellite, UAVs and the ground BSs. NOMA can be integrated in all three tiers of the system, but interference management becomes an even bigger challenge. Different frequency bands can be used for some links, e.g., the mmWave band for the satellite or UAV communication paths with good LoS links.
3) Mobile Edge Computing (MEC) and Edge Caching: The increasing growth of limited battery IoT devices in existing and future wireless networks has open the door for the integration of NOMA with MEC networks. Particularly, NOMA scheme can achieve efficient communication by supporting massive connections and enhance the spectral efficiency of such networks. In [268] , a resource allocation problem in downlink NOMA-enabled MEC network that maximizes the weighted sum rate of NOMA users has been proposed. Later an extension to [268] that jointly optimizes the resource allocation and power allocation has been analyzed in [269] . The joint user clustering, resource allocation, and power allocation problem for downlink and uplink NOMA-enabled MEC network is an attractive topic for future research.
As mentioned in Section III-G3, NOMA assisted caching realizes the update of local content servers during on-peak periods through push-then-deliver and push-and-deliver strategies [271] . In [271] , the main performance criterion was the cache hit probability. Optimizing NOMA power allocation coefficients in order to increase the system content delivery rate and consequently enhance users' quality-of-experience is an interesting area of future research. 4) Intelligent Reflecting Surfaces (IRS): The addition of NOMA to rate optimization problems in IRS networks is an area of future research. Very recently, system models that combine IRS and NOMA have been proposed in the literature [289] , where the ability of IRS to align the user's channel vectors is shown to be a great enabler for NOMA. This is similar to the BF techniques applied to create clusters of users in MIMO-NOMA settings. Hence, studying rate optimization problems in such a NOMA-enabled IRS framework is an attractive research area for B5G networks, as illustrated by the two recent works in [290] and [291] . In both these works, the active BF at the BS and the passive BF at the IRS is optimized to achieve the maximum sum rate for the users in the system and demonstrating a superior performance to OMA-IRS systems.
5) Underwater Communication: The adoption of NOMA in underwater wireless communications can improve the spectral efficiency, decrease the transmission latency, enhance the system sum-rate without additional radio resources. In [273] , a power allocation optimization problem that aims to maximize the system sum-rate in a relay-aided full-duplex underwater acoustic NOMA system has been proposed. A sub-optimalsolution has been obtained for the former optimization prob-lem through a low-complexity iterative algorithm. It is shown, through numerical simulations, that the sum-rate performance of the proposed relay-aided full-duplex NOMA scheme outperforms both the non-relay full-duplex NOMA scheme and relay-aided half-duplex OMA scheme under efficient interference cancellation conditions. An attractive area for future research can be to examine the sum-rate performance of underwater acoustic NOMA system with the joint optimization of power allocation, resource allocation, and user (e.g., remotely operated vehicle, autonomous underwater vehicle, movable sensors, etc.) clustering. Furthermore, the adoption of rateoptimal NOMA in the applications of both optical wireless and electromagnetic waves underwater communication technologies is another interesting area of future research.
H. Rate Optimization of NOMA-enabled Systems with Machine Learning
For NOMA-enabled next-generation wireless systems, a common theme to all categories of the rate optimization problems surveyed in this paper is that the number of design variables becomes prohibitively large to configure as the complexity of the system model grows. The multiple design variables are hard to jointly optimize due to the combinatorial complexity. Hence, there is a large potential to apply machine learning (ML) to solve the types of optimization problems for NOMA-enabled systems surveyed in this paper. In [292] , applications of ML and DL are discussed to resource optimization problems in IoT and other cellular networks, including a brief description of the applications to NOMA systems. Similarly, the survey by Vaezi et al. in [13] presents some discussion on NOMA integrated with ML and deep learning (DL).
To address the problem of combinatorial complexity, the most common approach in the NOMA literature is to divide the problem into a set of sub-problems. ML techniques can be used to aid one or more of these sub-problems as appropriate. For example, in [188] and [189] , the user selection subproblem is tackled through an unsupervised clustering algorithm and the power allocation problem is addressed through conventional optimization. In [274] , where a multi-carrier setting is studied, the channel assignment is tackled through a DRL algorithm while the power allocation is again addressed through conventional optimization. When further variables are added to the problem, ML techniques can be applied to the power optimization too. For example, the authors in [293] use a RL algorithm for power allocation when an intentional jammer is present. The takeaway message is that as the complexity of the model grows introducing a prohibitively large number of design variables, as is typical for NOMA-enabled systems, ML techniques can be used to solve a subset of these problems and can be used in tandem with traditional optimization techniques. As complexity is introduced to the NOMA enabled systems through multi-cell, multi-carrier, cooperative settings, etc., the number of design variables can even grow too large for ML algorithms. In such scenarios, an interesting research direction can be to investigate a deep learning neural network such as the one proposed in [294] to identify the parameters that have the largest impact on the sum-rate performance. The selected optimization variables can then be set using conventional optimization approaches or through other ML techniques.
While applying ML to NOMA-enabled systems comes with many attractive advantages, it has its challenges also. One of the big concerns with ML algorithms is the computational power required to run some of these ML algorithms. However, emerging trends such as quantum machine learning (QML) for 6G systems are being studied to aid this. The authors in [295] specifically discuss how QML can significantly speed up multi-objective optimization problems that involve tweaking a large number of parameters and their constraints, a typical setting for all NOMA-enabled systems. Another challenge with applying ML algorithms is the large amount of data required. However, communications systems collect and discard a large amount of data today, e.g., CSI, user locations, etc., using them only for instantaneous scheduling decisions. With big data processing developing rapidly, these can be fed to ML algorithms in NOMA-enabled systems. Another challenge with applying ML at the physical layer is that the channel changes so fast that an ML algorithm does not have enough time to collect meaningful data to learn from. In particular, this makes applying supervised algorithms that learn from past data challenging at the physical layer. However, in massive-MIMO systems, supervised learning algorithms have been studied for channel feedback and estimation, MIMO detection and other related problems [103] , [296] . However, in what follows, we focus on how the other ML techniques, namely unsupervised learning, reinforcement learning and deep learning, outlined in Section II-J, can be applied to rate optimization problems in the NOMA-enabled system models surveyed in this paper. These discussions offer several future research avenues for applying ML in the context of NOMA enabled systems.
Unsupervised ML algorithms do not rely on past training data. In particular, clustering algorithms are a natural fit to NOMA-enabled systems due to the user selection subproblem. As we discussed earlier, due to the combinatorial complexity of joint optimization of a large number of design variables, the typical approach in NOMA literature is to divide the problem into a number of sub-problems. The user clustering or user pairing is a typical first sub-problem that researchers tackle. Clustering algorithms such as K-means clustering can be used to tackle this sub-problem. As described in Section III-A2, the works in [188] and [189] study a mmWave-NOMA system and exploit the high correlation amongst users channels and the fact that mmWave propagation is dominated by the LoS path to effectively employ K-means clustering. System models which are dominated by a LoS path favor the use of K-means clustering as the problem breaks down to finding spatially correlated users. This type of channel model appears in several NOMA-enabled systems. For example, in UAV or satellite communications, the link between the UAV/satellite and ground users is LoS-dominated and offers an opportunity for user clustering based on unsupervised ML algorithms like K-means clustering. For example, in [53] , K-means clustering is used to find an initial clustering of spatially correlated users after which a Q-learning algorithm (RL algorithm) is used for the 3-D placement of the UAV BS. It is, however, more challenging to apply such a Kmeans clustering in a rich multipath environment such as in lower frequency bands because good user pairs are not necessarily correlated users in space in such a setting. An area worth investigating is if techniques that infer the user location from the reported CSI such as the channel charting proposed in [297] can be fed to a K-means clustering algorithm to form good user clusters for NOMA-enabled systems operating in a rich multipath environment.
Deep Learning (DL) is the more powerful form of machine learning as it involves multiple layers and can extract a set of features in the data, before performing tasks like classification [143] . However, due to the fast-changing nature of the physical channel, it becomes difficult to implement a DL approach that first extracts the relevant features from the channel and then applies it to NOMA enabled systems. However, the power of deep learning can still be extracted in several ways in NOMA-enabled systems. In [298] , a deep recurrent neural network is constructed to provide optimal resource allocation results for the NOMA heterogeneous IoT with fast convergence and low computational complexity. We discussed earlier in this section how a neural network such as the one in [294] can be used to extract the most important parameters when the number of design variables and objectives grows very large. However, the most promising use of DL for rate optimization problems in NOMA-enabled systems is when used in conjunction with reinforcement learning, such that the agent employs a multi-layered neural network to make decisions when interacting with the environment. This is termed as deep reinforcement learning (DRL) to highlight the joint use of DL techniques with RL.
DRL algorithms have been studied for several resource allocation problems in next-gen wireless communication systems [144] . Such ideas can easily be extended to the NOMAenabled systems surveyed in this paper. We described the two works of [274] and [293] earlier, where DRL agents are used for channel assignment and power allocation respectively in NOMA systems. For the NOMA-enabled B5G technologies surveyed in this paper, the DRL agent can be either the BS, UAV, users, relay nodes, etc. that need to make autonomous decisions based on their interaction with the other nodes in the system. For example, in [299] , a RL agent is employed for UAV positioning. Similar to the idea of ML clustering being used to solve the user selection sub-problem, the DRL can be used to solve certain sub-problems for the overall rate optimization objective. Potential avenues worth investigating include using a RL agent for the sub-problems of relay selection in NOMA relay networks, spectrum selection in CR-NOMA networks or UAV placement in UAV-NOMA networks. In this way, DRL can be applied to the NOMAenabled versions of each of these systems to complement NOMA-specific optimization algorithms. Another interesting problem where a RL algorithm can be used is for systems employing a hybrid MU-MIMO and NOMA approach such as [175] . Here, a RL agent can be used to switch between the two spectrum sharing schemes, depending on the favorable conditions it detects based on its past experience of interacting with the system.
Another important class of ML algorithms, called online learning, can help address the issue of system flexibility in NOMA-enabled systems, i.e., to be able to adapt to new users or slight changes in the system without too much overhead. For example, the authors in [188] designed an online ML clustering algorithm that can handle new users entering the system up to a certain threshold. Applying online ML algorithms to all the different NOMA-enabled rate optimization problems surveyed in this paper is an important direction of future work, as it helps make the systems practically implementable.
V. CONCLUSIONS
In this paper, a comprehensive review of the literature is conducted on the integration of PD-NOMA with the main candidate communication schemes and technologies for highdata-rate future wireless networks including advanced multiantenna architectures, mmWave, CoMP, cooperative communication, cognitive radio, VLC, UAV communications and other enabling schemes and technologies, namely, BackCom, integrated terrestrial-satellite networks, mobile edge computing and edge caching, IRS, and underwater communications. Particularly, the survey has investigated the system models and the various utilized optimization methods for each NOMAenabled technology and their combinations, and revealed the increased achievable rates as well as the associated trade-offs. Furthermore, the envisioned role of machine learning in future NOMA-enabled networks and a set of possible directions of future research are presented. It should be emphasized here that although the list of the investigated references, up to the best of the authors' knowledge, is quite comprehensive, it is yet not exhaustive and the reader might find some other related references to rate maximization in the combination of PD-NOMA and the various enabling schemes and technologies considered in this paper.
